The Bialowieza Primeval Forest (BF) is one of the well-known forests in Central Europe. The most common tree species in BF was Norway spruce (Picea abies (L.) H. Karst), comprising 26%. However, a mass dieback of spruce has occurred during recent years. The spruce dieback in Bialowieza Forest is directly caused by the spruce bark beetle. However, the mass appearance of this pest can be a consequence of global warming and drought. Changes in air temperature were presented and drought indices were calculated as follows: standardized precipitation index, Palmer drought severity index, climatic water balance and soil water storage deficit. The warming of the climate of Bialowieza from 1950 to 2015 is comparable to that observed throughout central Europe 
Introduction
The occurrence of long, rainless periods (over 28 days) in 1997 and 2000 in Bialowieza Forest was previously indicated by [1] and the drought in 2000 caused a significant reduction in the groundwater level [2] , which could have posed a serious threat to tree health. Soil drought occurred over large areas of Poland in 2015 [3] .
A spruce bark beetle outbreak has recently caused a massive dieback of spruce in the Bialowieza Forest [4] . The outbreak has further expanded since 2012, resulting in hundreds of thousands of standing dead trees [4] both in the managed forests and in the Bialowieza National Park (BNP).
The spruce dieback in Bialowieza Forest is directly attributed to the spruce bark beetle [5] . However, the mass appearance of this pest is often a consequence of global warming [6] . Therefore, the question arises whether the climate of Bialowieza Forest has warmed up, influencing habitat conditions that caused the spruces to weaken, thereby increasing their susceptibility to attack by the spruce bark beetle in recent years. Norway spruce is a boreal species; thus, it is cold-adapted but drought-sensitive [7, 8] . This species is highly vulnerable to the increasing frequency and severity of drought events associated with recent climate change [9] . These traits make it particularly vulnerable to projected climate changes in central Europe [10] . Allen et al. [11] , as well as Birdsey and Pan [12] , observed an increase in tree mortality as a consequence of drought and warm temperature in forests.
The aim of this study is to determine the occurrence of global warming and drought stress in the period from 1950 to 2015 in the Bialowieza Primeval Forest and an attempt to find a connection between droughts and spruce dieback.
Materials and Methods
Bialowieza Forest is located on the border between Poland and Belarus (52°45′29″ N; 23°46′8″ E). Its area is 1345 km 2 , of which 592 km 2 is in Poland and 753 km 2 in Belarus. The Bialowieza Forest reserve is one of the last and largest fragments of original European lowland forest. For the most part, Bialowieza Forest is composed of multi-species stands. A total of 4693.24 ha of the forest was designated Bialowieza National Park (BNP) in 1932, one of the first national parks in Europe. Today, BNP encompasses an area of 10,517.27 ha, of which 6059.27 ha is under strict protection. The remaining area of Bialowieza Forest is managed forest but this part also has nature preserves and sites with protected tree stands, habitats and species (Figure 1 ). Spruce is one of the main species constituting the tree stands of Bialowieza Forest. Coniferous and mixed coniferous stands account for 52% of the total area, wet broadleaved forests 20%, rich mesic broadleaved forests 15% and successional stands 13%. The most common tree species are Norway spruce (Picea abies (L.) H. Karst.)-26%, Scots pine (Pinus sylvestris L.)-24%, black alder (Alnus glutinosa (L.) Gaertn.)-17%, pedunculated (Quercus robur L.) and sessile (Q. petraea (Matt.) Liebl.) oaks-12% and birch (Betula sp.)-11%. Nearly 40% of Bialowieza Forest is covered by stands over 80 years old [13] .
Meteorological Data
Climate change and drought indices were determined on the basis of meteorological data from the Bialowieza station located at 52 • 42 25.7" N, 23 • 50 52.2" E at an elevation of 163 m above sea level. Meteorological measurements began to be recorded by the Forest Research Institute following the Second World War and they were continued by the Institute of Meteorology and Water Management from the mid-1960s to today. Measurements are taken three times per day. The study used the results of temperature and relative humidity measurements at a height of 2 m and atmospheric precipitation. Solar radiation measurements are not carried out at the station.
The trend of air temperature changes from 1950 to 2015 was verified by the Mann-Kendall test and Sen's slope estimates using the Makesens 1.0 software developed by the Finnish Meteorological Institute (Helsinki, Finland) [14] .
The Mann-Kendall test is calculated for more of 10 data values using the formula:
where S-Kendall's statistic with expectation zero and variance VAR(S):
q-the number of tied groups t p -the number of data values in the pth group.
To estimate the true slope of an existing trend (as change per year) the Sen's nonparametric method is used. The Sen's method can be used in cases where the trend can be assumed to be linear. This means that f (t) in equation is equal to
where Q-the slope B-a constant. The Sen's estimator of slope is the median of N values of Q i . The N values of Q i are ranked from the smallest to the largest and the Sen's estimator is:
To obtain an estimate of B the n values of differences x i -Qt i are calculated. The median of these values gives an estimate of B.
Drought Indices
The occurrence of drought was determined by using the four indicators (Standardized Precipitation Index, Palmer Drought Severity Index, Climatic Water Balance, Palmer, Soil Water Storage Deficit) described below. The calculations were carried out for full years in monthly periods. The analysis of the results focused on the growth period of spruces as follows: May, June and July, when trees increase markedly in thickness (based on own research on the continuous high-resolution tree growth carried out on the forest monitoring plots of ICP-Forests program). The occurrence of drought was considered reliable when at least two calculated drought indicators of moderate, severe, or extreme intensity were found during the same period.
Standardized Precipitation Index-SPI
SPI calculations are based on fitting a gamma probability density function to a given frequency distribution of precipitation for a climate station. The cumulative probability is transformed to the standard normal random variable with mean zero and variance of one, which is the value of the SPI:
H(x)-cumulative probability. Categories of drought intensity were determined depending on the standardized precipitation index (SPI) [15] values proposed for Poland's climatic conditions [16] : −0.50 < SPI < −1.49-Moderate drought −1.50 < SPI < −1.99-Severe drought SPI ≤ −2.00-Extreme drought.
The time windows used for the present study are 1-month and 12-month. The SPI was calculated for each year and months, Monthly calculations are presented for months of spruce growth: May, June, July.
Palmer Drought Severity Index (PDSI)
PDSI was calculated using the PDSI ver. 2 software developed by the National Agricultural Decision Support System, University of Nebraska-Lincoln (Lincoln, NE, USA). PDSI are calculated on the basis of precipitation and temperature data of the actual and preceding periods, as well as the available soil moisture content. The original classification of meteorological drought was applied using the PDSI [17] : Climatic water balance is the difference between precipitation and evapotranspiration (P−EVT). The indicator was calculated for months and years based on the evapotranspiration calculated using the Ivanov formula:
EVT m -evapotranspiration after Ivanov (mm month −1 ) T-monthly average air temperature ( • C) RH-monthly average air humidity (%).
Drought intensity criteria were adopted as follows: 0 mm < CWB < −49.9 mm-Moderate drought −50 mm < CWB < −99.9 mm-Severe drought CWB > −100 mm-Extreme drought.
The calculations were performed for two periods, first-from 1950 to1966 and second-from 1985 to 2015. This is because relative humidity data was unavailable for period between 1967 and 1984. Earlier publications indicate that there was low precipitation in Bialowieza during these periods, while the precipitation was much higher from 1967 to 1984-average annual precipitation 708 mm [1, 18] (Figure 2 ). The negative effects of drought stress on spruce were expected in periods with lower precipitation (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) Climatic water balance is the difference between precipitation and evapotranspiration (P−EVT). The indicator was calculated for months and years based on the evapotranspiration calculated using the Ivanov formula:
EVTm-evapotranspiration after Ivanov (mm month −1 ) T-monthly average air temperature (°C) RH-monthly average air humidity (%).
The calculations were performed for two periods, first-from 1950 to1966 and second-from 1985 to 2015. This is because relative humidity data was unavailable for period between 1967 and 1984. Earlier publications indicate that there was low precipitation in Bialowieza during these periods, while the precipitation was much higher from 1967 to 1984-average annual precipitation 708 mm [1, 18] (Figure 2 ). The negative effects of drought stress on spruce were expected in periods with lower precipitation (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) Soil water storage (SWS) is the total amount of water that is stored in the soil reservoir. SWS was calculated for each day, based on the balance of water outflow in the process of evapotranspiration and inflow of water from atmospheric precipitation using the following formula:
SWS-soil water storage (mm), i-day number, EVT-daily evapotranspiration (mm), TF-throughfall (mm),
P-daily precipitation (mm), I-daily interception (mm). Evapotranspiration was calculated using the Ivanov formula [19] as follows:
EVT d -evapotranspiration after Ivanov (mm day −1 ), T-daily average air temperature ( • C) RH-daily average air humidity (%). Interception (I) was calculated with the Liu model [20, 21] . The canopy water storage was determined using the Kondo model [22, 23] The determination of drought was based on the availability of soil water for plants. The moment of drought stress was determined as the limit of water availability for plants, occurring at soil water potential (SWP) ≥ −0.5 MPa. The calculations were carried out with the following boundary conditions:
1.
SWS at SWP = −0.01 MPa-the upper limit of the amount of water that can be retained in the soil to a depth of 60 cm, above this value, water flows out of the profile. 2.
SWS at SWP = −1.5 MPa-the lower limit of the amount of water that can be found in the soil to a depth of 60 cm under natural conditions.
The following ecosystem characteristics of a spruce stand were used in the calculations:
leaf area index and the ground cover of a spruce stand were determined based on hemispheric photographs and HemiView software version 2.1 SR1 (Delta-T Devices Ltd., Burwell, Cambridge, UK); -type of soil-Eutric Cambisols-40% of spruce tree stands in Bialowieza Forest grow in a mixed broadleaved-coniferous forest under fresh soil moisture regime and 63% of this habitat is developed on Eutric Cambisols; -pF curve-the curve of water retention of Eutric Cambisol soil was determined in the laboratory. Based on the pF curve, the boundary values of soil water storage to a depth of 60 cm were calculated as follows: at SWP = −0.01 MPa-field capacity (FC) SWS = 169.5 mm; at SWP = −0.5 MPa-early wilting point (EWP) SWS = 95.8 mm; and at SWP = −1.5 MPa-permanent wilting point (PWP) SWS = 86.6 mm. A 60-cm depth was chosen due to the depth of the spruce's root system and the level of capillary rise in the soil. Spruce has a shallow root system, reaching a depth of approximately 40 cm in the soil [24] .
The SWS was calculated for each day of the periods from 1950 to 1966 and from 1985 to 2015 (for the same reason as CWB).
Volume of Wood Cut
The volume of cut wood in sanitary cuts is evidence of the intensity of tree dieback. Information on the amount of timber harvested as part of sanitation cutting was obtained from the area of Bialowieza Forest District for the years 2002-2017. In 1992, spruce stands occupied in this forest district 31% of the forest area, of which 85% were tree stands over 60 years of age.
Sanitation felling are executed in order to remove the trees attacked by insects or diseases and to prevent the pests from spreading.
Relations between drought indices and volume of wood cut were carried out by differentiating the intensity of drought and the assumption that the water deficit effect became apparent in 1 and 2 years after the drought.
Differences in median volume of wood cut in first and second year after the drought between the levels (0-3) of the intensity of drought for four drought indicators (SPI, PDSI, CWB and SWSDef) were tested using the Kruskal-Wallis non-parametric one-way analysis of variance. Calculation was performed in R environment [25] .
Results

Air Temperature
The average temperature in Bialowieza from 1950 to 2015 was 6.9 • C. During this period, there was a clear and according to Mann-Kendall test significant increase in temperature by 1.27 • C. A significant temperature increase, by 1.26 • C, occurred during the spruce growth period (May-July) ( Table 1) . Trend slope also showed an increase in the daily maximum temperature, while the daily minimum temperature was stable (Table 1, Figure 3 ). Bialowieza Forest District for the years 2002-2017. In 1992, spruce stands occupied in this forest district 31% of the forest area, of which 85% were tree stands over 60 years of age. Sanitation felling are executed in order to remove the trees attacked by insects or diseases and to prevent the pests from spreading.
Results
Air Temperature
The average temperature in Bialowieza from 1950 to 2015 was 6.9 °C. During this period, there was a clear and according to Mann-Kendall test significant increase in temperature by 1.27 °C. A significant temperature increase, by 1.26 °C, occurred during the spruce growth period (May-July) ( Table 1 ). Trend slope also showed an increase in the daily maximum temperature, while the daily minimum temperature was stable (Table 1, Figure 3 ).
During the periods of low precipitation from 1950 to 1966 (period I) and from 1985 to 2015 (period II), the average annual temperature was 6.5 °C (range from 5.05 °C to 7.3 °C) and 7.3 °C (range from 5.9 °C to 9.2 °C), respectively. Since 1997, the average annual air temperature has not been below 6.6 °C.
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Climatic Water Balance (CWB)
The annual CWB calculated for the two periods showed a water deficit in 1953, 1959, 1963, 1964 (period I) and 1989, 1991, 1993, 1996 and 2015 (period II). During period I, 71 months had negative CWBs and during period II 161. The highest water deficits (CWB < −50 mm) during period I occurred from May to August and of the 17 individual months of this period, they occurred during 6% of the months of May, 18% of June, 18% of July and 12% of August. During period II, a water deficit of greater than 50 mm was recorded from April to August over 31 years and it occurred during 10% of the months of April, 22% of May, 32% of June, 19% of July and 13% of August (Figure 4 ). 0  25  50  75  100  125  150  175   1950  1951  1953  1955  1957  1959  1961  1963  1965  1967  1969  1971  1973  1974  1976  1978  1980  1982  1984  1986  1988  1990  1992  1994  1996  1997  1999  2001  2003  2005  2007 1951  1953  1955  1957  1959  1961  1963  1965  1967  1969  1971  1973  1974  1976  1978  1980  1982  1984  1986  1988  1990  1992  1994  1996  1997  1999  2001  2003  2005  2007  2009  2011  2013  2015 Number of days SWS Deficit 
The annual CWB calculated for the two periods showed a water deficit in 1953, 1959, 1963, 1964 (period I) and 1989, 1991, 1993, 1996 and 2015 (period II). During period I, 71 months had negative CWBs and during period II 161. The highest water deficits (CWB < −50 mm) during period I occurred from May to August and of the 17 individual months of this period, they occurred during 6% of the months of May, 18% of June, 18% of July and 12% of August. During period II, a water deficit of greater than 50 mm was recorded from April to August over 31 years and it occurred during 10% of the months of April, 22% of May, 32% of June, 19% of July and 13% of August (Figure 4 ).
Soil Water Storage Deficit (SWS at SWP ≥ −1.5 MPa)
A limited availability of soil water during period I occurred in 51 months and during period II in 125 months. Soil water content in the root zone of spruce were not limited only in 1950, 1951, 1955, 1958 and 1962 during period I and in 1985, 1998, 2007, 2008, 2009, 2010 and 2011 during period II. During period I, spruce was threatened by a lack of soil water during the months of its greatest growth only in 1959. This situation occurred in 14 years during period II (Figure 4 ).
Droughts Indicated by at Least Two Indices
The occurrence of drought during both periods had a similar frequency. From 1950 to 1966, summer drought was indicated by at least two drought indices over 8 years (a total of 14 months during the spruce growth periods). In 1954, drought occurred during all 3 months (May-July) of spruce growth. All the calculated indicators indicate the presence of drought in June and July 1964 ( Table 2) . From 1985 to 2015, at least two indicators showed the occurrence of summer drought for 16 years (a total of 32 months during the period of spruce growth). Drought during all months of spruce growth (May, June and July) occurred in 1986, 1990, 1992 and 1993 (Table 2) . 
Volume of Wood Cut
From 2002 to 2017, 211,800 m 3 of spruce wood was cut in sanitation felling in the Bialowieza Forest District, which accounted for 95% of sanitary felling of all tree species, 85% of total spruce logging and 61% of all tree species logging ( Table 3 ). The largest amount of timber was cut in 2017-38.1 thousand m 3 . The least in 2016-5.2 thousand m 3 (Table 3 ). In the whole period, spruce accounted for more than 83% of harvested wood volume in sanitary cuts, reaching 97% in 2016 and 2017 (Table 3) . Percentage of spruce sanitary felling in total harvest of all species ranged from 22.4% (2012) to 93.1% (2017). At the beginning (2002) (2003) (2004) ) and end (2014-2017) of the analysed period, sanitary cuts of spruce accounted for more than 60% of the total cuts for all species (Table 3) . Figure 5 shows the relationship between volume of cut spruce wood in 1 and 2 years after drought and the intensity of drought expressed in drought indices. In the case of each drought indices, there was no relation on the volume of cut spruce wood both in the 1st and 2nd year after the drought (p > 0.05). The volume of timber cut after years without drought was at a similar level as in the years after the drought. 
Discussion
In the Bialowieza forest the temperature increase of 1.27 • C (0.19 • C per 10 years) was higher than the change measured at global scale. Over the 100-year period from 1906 to 2005, the average global temperature increased by 0.74 • C [26] . This is similar to the changes occurring in the Northern Hemisphere, where the temperature series showed a significant positive linear trend from 1961 to 2005 [27] . This finding is in line with the research of Christiansen et al. [28] , which indicates that central Europe is likely to experience an increase in average annual air temperature above the global average. Other central European countries have also observed a higher increase in temperature compared to that of global change. The mean temperature series for the Czech Republic from 1961 to 2005 shows a statistically significant linear trend reaching 0.27 • C per 10 years [29] . The warming of the climate in Bialowieza from 1950 to 2015 is comparable to the observed climate changes throughout central Europe.
One of the effects of global warming is the increased risk of drought. On a global scale, there has been an increase in the percentage of annual area experiencing drought from 1902 to 2008 [30] . Since 1970, there has been an increase in the intensity, duration and area of drought [31, 32] . In central Europe, it is anticipated that such changes will lead to warmer weather and lower rainfall during the vegetation period [33] [34] [35] .
When calculated for the entire period, the Palmer Drought Severity Index and annual Standardized Precipitation Index indicate a similar periodicity of water conditions, as shown in the analysis of precipitation [1, 18] , that is, wet weather prevailed from 1967 to 1983 with no drought conditions ( Figure 4 ). However, before and after this period, conditions conducive to the occurrence of drought were present. The lack of drought during the 1970s in eastern Europe was also pointed out by [36] .
The Soil Water Storage deficit was the most common indicator of drought, because of the shallow root system of spruce, which can only use water stored in the upper soil layer. During the summer, with high evapotranspiration, the supply of water available for spruce is quickly depleted. In the absence of rainfall, this leads to a deficit of soil water. Lower rainfall in the lowlands, as in the Bialowieza Forest, makes the spruce more vulnerable to drought stress than in mountainous areas. [37] indicated that the lowest sites (below 500 m) are already near the moisture limit of Norway spruce distribution and thus especially sensitive to future drought events.
Norway spruce is well adapted to the cool climate. The warming of the climate and increasing frequency and severity of drought events in Europe are stress factors for the spruce, they cause a decrease in the growth [8] and increase in tree mortality [12] . Dendrochronological research conducted in the Alps shows that Norway spruce and Europe larch are more threatened by the effects of drought than are Scots pine, Black pine and Douglas-fir [38] . America and central Europe indicate the influence of climate warming on the occurrence of spruce bark beetle outbreaks. An unprecedented outbreak of spruce bark beetles in North America and Canada was attributed to a notable increase in summer temperatures during the late 20th century [39] . Kölling et al. [40] suggested that long-lasting temperature increases may be of greater importance for bark beetle infestations in German stands of Norway spruce than singular heat waves. Warm temperatures can reduce overwintering bark beetles' mortality and shorten generation times and severe drought and warm temperatures impose physiological stresses on trees that can impede their defence systems [41] . Warm spring and summer temperatures support an earlier completion of the first filial generation and the establishment of sister and successive generation broods [42] . Seidl et al. [6] and Hlásny and Turčáni [43] showed an increase in insect infestations under conditions of climate warming.
Mass dieback of spruce caused by bark beetle gradation occurred in Bialowieza Forest in 1921-1922. It was attributed to the mass harvesting of trees during World War I and to droughts in 1919-1921. Over 1.3 million m 3 of spruce died in the entire Forest (130,000 ha), of that over 300 thousand m 3 was removed. A downturn in the gradation was possible due to removal of dead and infested trees, deployment of woodworm traps, expansion of parasitoides and natural enemies and due to favourable meteorological conditions, mainly the long winter that delayed the development of bark beetle generations and their number [44] .
Despite such huge losses in spruce stands, the species remained common in BF. Paczoski [45] reported that spruce occurs in all forest stands of the Bialowieza Forest from extremely dry to swampy ones. Until the end of the 20th century, there were no major problems with the health of spruce in BF. The phytosociological studies in the second half of the twentieth century demonstrate good condition of spruce stands in the BNP [46] . By the end of the 20th century, old spruce trees were numerous at plots in seven different plant communities [46] . The outbreaks of bark beetle occurred but were of lesser intensity. Problems with the health of spruce have intensified in the 21st century. Due to the warming of the climate, favourable meteorological conditions able to confine the development and the number of bark beetle generations are less probable than at the beginning of the 20th century. According to the studies by Hanewinkel et al., [10] Norway spruce shifts northward and probably loses large parts of the central, eastern and western Europe. It is anticipated that the spruce will diminish its importance for the ecosystems of the Bialowieza Forest and for forest management. The proposed natural renewal of spruce [47] will pose a further threat for the successful spruce forest restoration. Decreasing number of old spruce seed trees, wildlife pressure, competition from expansive tree species such as hornbeam will hamper successful natural regeneration of spruce in Bialowieza Forest.
During the outbreak periods, the volume of the removed wood from spruce-beetle infected trees was as follows: during the years 1958-1963-7.5 thousand m 3 , 1963-1966-27 [48] . On transitional peatlands with Norway spruce stands (Sphagno girgensohnii-Piceetum Polak. 1962), the tree layer cover was equal to 65.6% during the 1970s but only 46.8% from 2003 to 2005 [49] The volume of dead spruce tree trunks during this period in the BNP Strict Reserve stands was 81,000 m 3 [50] . From 2012 to 2015, the mortality of spruces in the BNP was less than that in the managed stands or nature reserves of the Bialowieza Forest. This finding could be explained by the fact that in the BNP Strict Reserve, a significant portion of the trees susceptible to spruce bark beetle feeding were killed during the earlier infestation of 2000-2004 [51] . From 2012 to 2016, more than one million m 3 of spruce deadwood were recorded in the managed forests as a result of the activity of bark beetles [5] . However, no clear relationship was found between the occurrence of droughts and the volume of wood cut in sanitary cuts in the Bialowieza Forest District in the years 2002-2015. This could be due to the fact that the volume of cut spruce wood was very large and in some years accounted for over 90% of the wood of all tree species. This shows that the decline of spruce is so intense that the drought as an initiating factor has ceased to be of decisive importance.
A recognized method of limiting the number of bark beetle is cutting trees affected with bark beetles in sanitary felling. Higher sanitation felling intensity decreases the number of infestation trees in the following year [52] . But sanitation felling is only effective when carried out in time, that is, before the beetles have emerged [53] . In 1998, the possibility of cutting trees over 100 years old was limited in the Bialowieza Forest. It also concerned spruces infested with bark beetles. The long-term procedure for obtaining a cut-out permit meant that the principle of removal of infected trees in a timely manner could not be met. Therefore, limiting the number of bark beetle in sanitary felling could not be effective in the Bialowieza Forest after 1998.
Conclusions
From 1950 to 2015, Bialowieza Forest experienced climate warming comparable to changes observed throughout the Northern Hemisphere. Droughts occurred both in the 1950s and 1960s, as well as after 1985. However, a mass dieback of spruce has occurred in recent years. This shows that drought alone is not a factor leading to spruce dieback. Spruce, as a species with a shallow root system, may be highly resistant to the lack of available water. However, the combined occurrence of drought with global warming may be the decisive factor in the dieback of spruce. The alteration of the spruce physiological processes caused by climate warming, as well as an increase of bark beetle activity may, together with drought and limitation of sanitary felling, be lethal to spruce stands.
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